In a recent meeting of IEA's Annex 23, several members presented their conclusions on the modeling of phase change materials behavior in the context of building applications. These conclusions were in agreement with those of a vast review, involving the survey of more than 250 journal papers, undertaken earlier by the group of École de technologie supérieure. In brief, it can be stated that, at this point, the confidence in reviewed models is too low to use them to predict the future behavior of a building with confidence. Moreover, it was found that overall thermal behaviors of PCM are poorly known, which by itself creates an intrinsic unknown in any model. Models themselves are most of time suspicious as they are often not tested in a very stringent or exhaustive way. In addition, it also appears that modeling parameters are somewhat too simplified to realistically describe the complete physics needed to predict the real life performance of PCMs added to a b uilding. As a result, steps are now taken to create standard model benchmarks that will improve the confidence of the users. Hopefully, following these efforts, confidence will increase and usage of PCM in buildings should be eased.
Context
The ever increasing level of greenhouse gas emissions combined with the overall rise in fuel prices (although fluctuations occur) are today's main reasons behind efforts devoted to improve the use of various sources of energy. Economists, scientists, and engineers throughout the world are nowadays in search of: 1) strategies to reduce the demand; 2) methods to ensure the security of the supplies; 3) technologies to increase the energy efficiency of power systems; and 4) new and renewable sources of energy to replace the limited and harmful fossil fuels.
One of the options to improve energy efficiency is to develop energy storage devices and systems in order to reduce the mismatch between supply and demand. In this context, latent heat storage could be considered. Indeed, it is particularly attractive since it provides a highenergy storage density and has the capacity to store energy at a constant temperature -or over a limited range of temperature variation -which is the temperature that corresponds to the phase transition temperature of the material. For instance, it takes 80 times as much energy to melt a g iven mass of water (ice) than to raise the same amount of water by 1°C. For the interested reader, excellent global reviews that pertain to phase change materials and their various applications were proposed by Zalba et al. [1] , Farid et al. [2] , Zhang at al. [3] , Tyagi and Buddhi [4] , Regin et al. [5] , Mondal [6] , Mehling & Cabeza [7] , Sethi & Sharma [8] , Verma et al. [9] , Sharma et al. [10] , Dutil et al. [11] and Cabeza et al. [12] .
Modeling in building applications
A better management of the fluctuations of the external temperatures, wind, solar load, and heating or cooling needs is possible by the use of phase change materials. In building applications, these materials undergo a phase change close to the desired room temperature, which allow storing a large amount of heat in a relatively small volume compared to liquid water, brick or concrete. This results in direct energy savings as the solar gains can be used when needed, thus reducing the energy consumption for heating in the winter and cooling in the summer. Moreover, in many countries, these materials could also be used to reduce the peak consumption leading to money savings in this particular case.
Nevertheless, high fidelity models are needed to guide the decisions of the architects and/or HVAC engineers in choosing optimum designs. Unfortunately, to formulate, implement, and validate such models is a rather difficult task mainly due to the non-linear nature of the problem. In addition, other technical issues add complexity to this problem. Here, we will discuss two of the most significant problems that should be addressed by the scientific community: phase change material characterization and model validation [11] .
PCM characterization
The first problem faced even before beginning the modeling process is the characterization of the phase change materials (PCMs) themselves. In building applications, composite PCMs are the favored packaging method for inner walls applications. In this form, PCMs can be integrated into a building using the same techniques used for gypsum panel, which would provide a seamless integration. However, this type of material is rather difficult to characterize.
The key problem comes from the interaction with the substrate and the PCM in confined pores. This interaction affects both the melting and freezing temperatures as their respective enthalpy. To our knowledge, this phenomenon was first observed in building application by Hawes et al. [13] , when they noted a drift in thermal properties of a PCM laced concrete over time. They attributed this effect to a migration of PCM in smaller pores. Their interpretation was supported by a previous work of Harnik et al. [14] on icing behavior of concrete.
Many physical models have been proposed to explain this behavior [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The thermodynamic properties of PCM composites are related in complex way to the size of the pores and to the chemical properties of the matrix and of the PCM. Mechanical confinement shifts the phase transition to higher temperatures due to increased pressure. Chemical interaction including dissolution between the compounds can shift up or down the melting/freezing temperature. The stochastic nature of the nucleation process means that supercooling is favored in small volumes. In consequence, melting and freezing phase change occurs at different temperatures. The phase change range is also broadened. This has the practical consequence that it is necessary to measure both melting and freezing curves and this over a wide range of temperature.
Even then, adequate characterization of PCM is a d ifficult task. For example, we have observed that reported enthalpy of melting and freezing can differ by more than as 15% in composite PCMs (ex: construction material [26] [27] [28] and polymer [29] [30] [31] ). This is obviously unphysical since conservation of energy imposes that both values should be equal if the energy is stored in the PCM. Still, there is a possibility that some energy might be stored mechanically by the deformation of the matrix as a consequence of the PCM dilatation. To our knowledge, this hypothesis has never been tested. While, if proven true, this phenomenon might provide new approaches to fine tune composite PCM thermal behavior.
In practice, the broad width of the composite PCM freezing/melting curve impairs the separation between latent and sensible heat. In addition, in some cases, there is an indication in many published measurements that at least a part of the PCM stays in supercooling state during the whole thermal cycle. In addition, heat capacity value and conductivity are different between liquid and solid phases. All these problems make very difficult to define a meaningful baseline to extract the latent heat curve.
In addition, hysteresis in the cooling/heating curve has been observed [32] [33] [34] [35] [36] . This behavior is not fully explained but is likely to be related to a complex interaction between the stochastic nature of the nucleation process (heterogeneous or homogeneous), progressive dissolution, glass transition or metastable crystalline phases. This has for consequence that each DSC curve is dependent on t he history of temperature and its rate of change. Measurement procedures for this effect are still in development.
In general, thermophysical properties measurements are done on a small sample. However, due to the non classical behavior of composite PCM, it is unclear whether these measurements are representative of the macroscopic thermal properties of the material. A more detailed study is under investigation, which consists on the consideration of the heat transfers within the calorimeter cells. The goal is to determine the true value of specific enthalpy regardless of experimental conditions (sample mass, heating and cooling rates) [38] . This method also allows the determination of thermal properties by inverse methods [39] . In addition, potential drift in the thermophysical properties overtime are not always taken into account in the experimental protocol. Through a literature review, we have observed that tests of the stability of PCM composite extend from a few cycles to 5000 t hermal cycles! Since, for building applications, lifetime of components are decades long the latter value is certainly more suitable.
In conclusion, improved thermal characterisation procedures are needed and will be certainly welcomed by modellers.
Model validation
The validation of modelling algorithms is also troublesome. While not restricted to building applications [11] , it is more critical in this case due to the relatively small temperature changes involved in a typical building application. In surveyed papers on modeling, all older models for PCMs behavior had experimental counterparts to validate the modeling of the problem. This was done to adequately validate the appropriateness of the set of equations and that of the subsequent formulation of a numerical method to solve the relevant sets of discretized equations. Many of these early studies also involved analytical solutions used to validate the model for selected problems that admit closed form solutions [11] .
However, as time went by, the authors relied more and more on ot her studies, mostly numerical ones, to validate their own numerical results. Many of the recent studies discuss their results qualitatively only, as the comparison with a graph taken from a publication may be somehow hazardous. And, interestingly, among the numerous -more than 250 -references and studies reported in [11] , in only one the authors stated that the results were not "in good agreement with those found in the references". In recent studies, the proportion of analyses which rely on commercial codes increases and the discussions that pertain to stability, convergence, grid independence and other related numerical issues decrease.
Statements are almost never made on t he agreement or disagreement with previous results. This may be explained partly by the engineering scientific culture, where challenging or trying to duplicate previous works is not a common practice. As an illustration of this observation, we noticed that the work of Heim and Clark [40] [41] predicts accumulation of heat on a seasonal basis. This is certainly an extraordinary claim that would open door to new applications. Nevertheless, up to now, nobody has either duplicated or refutated it.
However, engineering sociology merely reflects the practical constraint of doing such crossvalidations. Materials, geometries, testing conditions and models are almost always different from one study to another. In such conditions, even for the most dedicated researcher, it is very hard to validate previous work. In our mind, this is a serious issue. Without a common ruler, it is impossible to formulate a meaningful recommendation about a technology.
Finally, we found that there is little comparison between various models and experiments. Every research group seems to have its own numerical model. To our knowledge, all these models were claimed to work well. Nevertheless, recent works [32] [33] [34] [35] [36] [37] indicate that the presence of hysteresis creates some problem in the modeling itself since the thermal behavior of the PCM will depend on t he history of heat loading. At this moment, solution to this problem is an open question. While this is a very new concern and might not be that important, this raises some doubts on previous results.
Further steps
To address some of these problems, the IEA annex 23 has prepared two standard cases to test numerical models [29] [30] . The first of these tests was a simple unidirectional wall, with inclusion of a classical phase change material within the wall. Three teams developed a model for this case. While two of those models were closely predicting the same results, a third model presented a significant discrepancy with the other two. At this moment, not enough models are available to find the root cause of the observed difference. The main suspect is a small variation in the numerical description of the latent energy curve.
The existence of such divergence with a simple situation is by itself a strong warning about the models reliability. A second benchmark is now proposed. This benchmark is based on a small cubicle using PCM in its walls. In that case, high quality experimental data are used as a reference. To populate a database of benchmark, members of the annex 23 are invited to submit there own experimental data.
These initiatives are certainly a step in the right direction. Their use as a validation tool should be considered by any researchers working into application of PCM in building. Nevertheless, results are too fragmentary at this point to produce general guideline for researchers.
Conclusion
While the applications of PCM in building are promising as a tool to reduce energy consumption, there are still many roadblocks on the widespread utilization. To optimize their utilization in buildings, reliable models are needed. At this point, the confidence in models is too low to be use to predict the future behavior of a building. However, thermal behavior of PCM themselves are poorly known, which by itself create a huge unknown in model. Models themselves are suspicious as they are rarely tested in a very stringent way.
In addition, it a lso appears to us that modeling parameters are somewhat too simplified to realistically describe the real life performance of PCM addition into buildings. For example, seldom complete meteorological information (solar irradiation, external temperature and wind) are used as inputs. However, correlation and anti-correlation between these factors could strongly affect the results. In addition, in most systems modeled, thermal loads are restricted to solar heating. Additional heat from appliances will certainly affect the results. Also most of the time modeling is done on individual rooms or few rooms aligned in a perfect east-west alignment and empty. In real life, most houses are not perfectly oriented, have additional room with little solar heating, are equipped with furniture, and are occupied by people. This will both modify the thermal loading and the effective storage mass of the building. From our analysis of the literature, typical gain in energy efficiency by the utilization of PCM is expected to be roughly about 10-15%. In consequence, the factors not included in models could easily change the overall conclusion about the pertinence of PCM in building application.
The steps taken now by the IEA ECES IA Annex 23 to create standard model benchmark will improve the confidence of the users. Phase change material characterization is still an unresolved issue, but many research teams work on it. Hopefully, following these efforts, confidence will increase and usage of PCM in building will be more straightforward.
